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Concerns for the health-related implications of sodium nitrite and sodium chloride
in cured meats have lead to reductions in use of both ingredients and there is
evidence of chemical interaction between nitrite and chloride in food systems which
have implications for cured meats. This review considers the role of chloride in
nitrite chemistry and extends this consideration to evaluation of potential changes
in cured meat products. Microbiological control depends on nitrite reactivity and a
chloride effect has been demonstrated in Clostridium botulinum spore outgrowth
and toxin formation. Changes in flavour of cured meats or in development of cured
colour are of lesser concern but may take place. More information on specific
inhibitory mechanisms by nitrite is needed.

Keywords: Nitrite, chloride, nitrite—chloride interactions, cured meats, chloride
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1. Introduction

Sodium chloride and sodium nitrite are the two ingredients in cured meat distinctive to this
category of processed meat products, and are responsible for a major part of the colour, texture,
flavour, safety, and storage stability characteristics unique to cured meat. Eliminating either salt
or nitrite so alters product characteristics that the resultant meat mixture is no longer considered
‘cured’. Consequently, both ingredients are absolutely necessary for the successful production of
typical cured meat products.

Both sodium chloride and sodium (less commonly potassium) nitrite have generated
independent concerns over their potential relationship to human health problems. Sodium
chloride, added to cured meat at about 2.0%-2.5%, is a source of sodium in the diet and sodium
has been implicated as a significant contributor to hypertension and related problems.! Sodium
nitrite is added to meat at the parts-per-million level and therefore contributes very little sodium
to total dietary intake. However, nitrite has been a concern in cured meat due to the formation
of carcinogenic N-nitroso compounds. Work on the nitrite-nitroso compound problem has been
underway for more than 25 years and has generated an immense amount of new information.?3
One result of this work has been a gradual reduction of nitrite levels in cured meat. The levels
currently chosen depend upon the specific product being considered, but generally represent a
compromise between the potential for formation of nitroso compounds at high nitrite levels and
the potential for C. botulinum toxin formation at low nitrite levels. The best example of this
compromise is the current USDA requirement for 120 ugg™" formulated nitrite (neither more
nor less) in pumped bacon. This is less than that allowed for other cured products and reflects the
specific problem of nitrosamine formation during the frying of bacon. Control of ingoing nitrite
levels, use of reductants (ascorbate or erythorbate), and adherence to good manufacturing
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practices will substantially reduce the problem.* There is some concern for potential botulism
problems should nitrite be reduced much below current levels.>®

At the present time, reductions in sodium chloride usage in meat is a very active area of
research.” Most research has centred on the organoleptic (flavour and texture) and microbiolo-
gical aspects of sodium chloride, with the general objective of reducing the levels of sodium
chloride in meat as much as possible.!®!! It appears that a significant reduction can be
accomplished, but the lower limits are not yet clear. Salt remains a major cure component for
inhibiting C. botulinum outgrowth. Since nitrite levels have already been lowered in some
products, an accompanying reduction of salt should be considered with care. Changing chloride
levels could alter some or all of the several chemical reactions characteristic of nitrite during
meat curing since chloride ions interact with nitrite.’>'> The reactions of nitrite have been
reviewed,!* and have been shown to depend upon several variables inherent to meat mixtures.
Nitrite/chloride interactions have not been so well addressed; the limited available information
often appears contradictory. ‘

This review considers nitrite chemistry from the aspect of potential chloride involvement with
nitrite and discusses some subsequent implications for reduced sodium chloride levels in cured
meat. For a proper perspective, it is important to understand first the general behaviour of the
nitrite ion. In a dynamic system with multiple reaction pathways and infusion of reactants, i.e.
oxygen from the atmosphere into cured meats, the relative amounts of various end products are
functions less of individual equilibria, but more of relative velocities of the reactions. Both the
absolute and relative amounts of end products can be affected by minor variations in reacting and
interfering compounds. As a result, nitrite—chloride chemistry in meat systems is subject to
considerable variation.

2. Chemistry of nitrite
2.1. Ions

2.1.1. Nitrous acid reactions

The term nitrite is used generically to denote both the anion, NO,~, and the neutral nitrous acid
HNO,, but it is the latter which forms nitrosating compounds. The acid dissociation constant for
the nitrous acid/nitrite equilibrium is 3.98x10™* (pK,=3.4); at the pH of meat (5.5-6.5) the
concentration of the reactive acid is less than 1% of the total nitrite.”> At ca 2mMNO,~
(150 ppm) and pH 5.8, the concentration of HNO, is ca8 um (600 ng g~'). Even so, the very low
nitrous acid concentrations generate some very reactive nitrosating species.

The first step in the reaction sequence beginning with nitrous acid is the generation of either-a
nitrosating species of the neutral radical nitric oxide (NO). The strongest nitrosating species are a
form of a positively charged (electrophilic) nitrogen oxide, either in its simplest form the
nitrosonium ion, NO™, or as part of a larger molecule. In strong acid two species are formed, the
nitrous acidium (H,NO,*) and nitrosonium (NO") ions.

HNO,+H"->H,NO,*-H,0+NO* (1)

It is not definitely established that the nitrosonium ion exists free in solution; it probably exists as

a part of the nitrous acidium ion, the positive charge being induced by charge transfer from the

proton. Neither form exists at the pH of meat in appreciable quantities; the principal reactive
species is the anhydride of nitrous acid, nitrogen trioxide.

2HN02—>N203+H20 (2)

The anhydride is stabilised in aqueous solution by resonance which results in a charge shift to
form an electron-poor site (6*) in the molecule that is strongly electrophilic, and

o
\ o+
N—N—-O 3)
0%

which will readily nitrosate nucleophilic sites to form nitroso compounds.7-18
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2.1.2. Nitric oxide

Another important form of nitrite is nitric oxide (NO). The nitrogen is reduced by one electron
from the nitrite-nitrogen and may be formed from dismutation or reducing ‘reactions.

3HNO,—»HNO;+2NO+H,0 4)

(one of the few termolecular reactions known)
N,0;—»NO+NO, v Q)
RdH*+N,0;—»RdINO+HNO, (6)

(*Rd—reductants, ascorbate, sulfhydryl groups, hydroquinones, etc.)
RANO—-Rd+NO @)

Reaction 4 takes place in strong acid and reaction 5 is relatively slow, leaving the sequence of
reactions 6 and 7 as the major source of nitric oxide in meat, since the last is a rich source of
reductants.

Nitric oxide is an electron-pair donor and forms very stable complexes with transition metals.
The coordinate-covalent complexes of nitric oxide with the haem pigments of meat—
nitrosylmyoglobin, nitrosylhaemoglobin, and dinitrosylhaemochrome—form the pink and red
colours of cured meats.!%2

Nitric oxide is readily oxidised, which accounts in part for the instability of cured meat colour
in air:

2NO+0,—2NO, 8)

This reaction may account for the antioxidant properties of nitrite since it is very fast. In
addition, nitric oxide is a radical chain terminator,?! which would account for the effectiveness of
nitrite in preventing lipid oxidation. The conversion of NO to NO™* (or equivalent nitrosating
species), which has been postulated to occur during bacon processing, may proceed through this
type of recycling. The nitrogen dioxide (NO,) formed in reaction (8) will react further either to
form nitrogen trioxide

NO,+NO—-N,0; )
or with water to form nitrous and nitric acids
2NO,+H,0—HNO,+HNO; (10)

These are both backwards reactions, regenerating previous reactants in the sequence (N,Os,
HNO,). It will be noted that nitrate is produced in this recycling (reaction 10) and, since it is
relatively unreactive, it acts as a sink to remove nitrite from the system. This constant recycling
results in a semi-stable equilibrium of reactants, intermediates, and products.

While these reactions are the major characterised chemical reaction sequences, there are many
other reactions that can and do take place. Even nitrous oxide (N,O, laughing gas) has been
identified in the gases above curing mixes.

2.2. Reductant reactions

As noted previously, the concentration of nitrous acid is very low in meats, hence the nitrosation
potential of nitrite is very low also. Under these conditions it requires a strong nucleophilic
reagent to react with the nitrosating species at a rate sufficient to have a significant effect on the
multiple reaction equilibrium. The most nucleophilic species in meats are the endogenous
reductants of muscle cells as well as added ascorbate, and amine groups of the amino acids.
Comparing data for the rates of nitrosation of amines® with rates of production of nitric oxide by
reductants®*?? it is found that reductants are one to ten thousand times as reactive as amines.
The equilibrium is primarily controlled, therefore, by the reductant concentrations. Of course,
stable nitrosation reaction products will act as sinks and buildup of these products will slowly
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shift the equilibrium. Nitroso-reductants are unstable and do not accumulate, whereas N-nitroso
compounds will accumulate, possibly even as high as millimolar quantities.®® Meats as a food
class have relatively high concentrations of reductants, including reduced nicotinamide adenine
dinucleotide, quinoid-type and other reducing coenzymes, sulphhydryl groups and, of course,
added ascorbic and/or erythorbic acid.?>%

The reduction itself is an unusual reaction for it is a one-electron reduction step from the
nitrite-nitrogen to the nitric oxide-nitrogen. Nitric oxide is an odd-electron compound and the
reaction would be expected to produce a reductant radical, but such is not the case, at least not
with ascorbate.?® A dinitrosylascorbate intermediate was proposed for the reduction to account
for the lack of formation of the ascorbyl radical. The nitroso-reductant intermediate (RANO) of
reaction 6 and others have been found to be semi-stable,”* 2% and therefore probably
contribute to decreased nitrosation capacity by removing N,O; from nitrosation reactions. The
semi-stable intermediates however, could also represent a reservoir of nitrite for later
regeneration of nitrosating species. This may partially explain why ascorbate has not been 100%
effective in blocking nitroso compound formation, especially at high ascorbate levels.?
Reductants are generally polar compounds, especially ascorbic/erythorbic acids, and are poorly
soluble in nonpolar systems. Since adipose tissue is a major source of nitrosamines, low reductant
solubility would also contribute to low effectiveness in reducing nitrosamine formation. Nitric
oxide generated by reductants may have a special function as a lipid antioxidant since it is soluble
in nonpolar systems.

2.3. Multiple reactants

Other reactants have been suggested, including unsaturated fatty acids, tyrosine, amide linkages
in proteins, tryptophane, amino sugars, and browning reaction compounds. A review of these
reactions has been made by Cassens et al.* Suffice it to say that while many of these reactions
are minor when compared with reductant reaction, in the sum they could account for a significant
amount of nitrite bound in a variety of forms. Most of such bound nitrite is available as free
nitrite since the nitroso derivatives are relatively unstable compounds which, with the exception
of nitroso-reductants, decompose to yield the initial products. The absolute and relative amounts
of these compounds are not fixed but will vary with acidity, water activity, oxygen concentration,
temperature, etc.

2.4. Temperature

In a multiple reaction system, if the activation energies were all the same, the same mix of
reactants, intermediates, and products would prevail at all temperatures. This of course is not the
case. The activation energies (heats of activation) of the formation of different nitrosating spec1es
are not all the same, nor are the activation energies of the subsequent nitrosation reactions.”
Where a reaction rate is controlled by an equilibrium concentration, the rate will vary as the
equilibrium constant changes with temperature.® The consequence is therefore that the mixture
of products will vary with temperature in a multiple substrate system. Furthermore, the
activation energies of the nitrosation reactions vary with pH, sometimes as a result of the
formation of two or more products from the same substrate, thus different product mixtures will
be found at different pH values even at the same temperature. Finally, varying the time at which
heat is applied during processing will produce different compositions in the mix, since the
reaction conditions at the time at which heating is initiated will vary.

2.5. Transnitrosation

In a complex reacting mixture it is technically possible that a given compound would nitrosate
more readily than others, yet not be as stable as the rest. In this case, the possibility exists that
the first compound will preferentially form a nitroso compound that would then transfer the
nitroso group to another reactant whose nitroso derivative was more stable, the process being
known as transnitrosation. A modified form of transnitrosation has been demonstrated,**>* but
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the transnitrosating species were formed under one set of conditions and mixed with the receptor
compounds under another set of conditions. Transnitrosation between compounds in the same
mixture is a more difficult process to prove and requires the demonstration that the recipient
compound would not have otherwise nitrosated at the same rate without the presence of the
presumed transnitrosating species.

3. Role of chloride

Yet another factor adding to the complexity of nitrite chemistry is the ability of electronegative
anions to form resonance stabilised, charge separated molecules from nitrous acid, thereby
creating other nitrosating species (Table 1). In general, they are more reactive than nitrogen
trioxide (N,O3) and less reactive than the nitrous acidium ion (H,"NO,). The ordering in Table 1
is a composite derived from the ordering of several sequences in the literature.>*° Theé first two

Table 1. Relative reactivities of various nitrosating species

Species Source
Fastest
NO*, H,NO,* Protonation of HNO,, found only in
strong acid solutions
NOSCN From saliva
HO NO From smoke which has many other pheno-
lic compounds
NOC1 From gastric juice, curing salts
N,O, Found in air
N,O; Nitrous acid anhydride
Nitroso derivatives of citrate, Cure ingredients, weakly reactive under
acetate, sulphate, phosphate certain conditions
Slowest

forms are produced only in strong acid and therefore are not of concern for meat reactions since
meat and/or products have pH values ranging from ~4.5-6.5. The gradations toward weaker
nitrosating species occur because of the decreasing electronegativity of that part of the molecule
attached to the — NO. The most effective anion is the thiocyanate ion, a pseudohalogen, which
is of interest since it occurs in saliva.>* The next most effective anions are the halogens, of which
chloride is the ion of interest in meat. Nitrous acid and hydrochloric acid will generate nitrosyl
chloride (NOCI).

HNO,+H*+Cl"—NOCI (NO*-Cl")+H,0 (11)

Formation of nitrosyl chloride as opposed to formation of nitrogen trioxide has a number of
important consequences.

3.1. Increased rate of reaction

An increased reaction rate may be beneficial in providing more rapid formation of cured colour
or the suppression of bacterial growth in cured meats. However, since nitric oxide, the
nitrosonium ion, and other reduced nitrogen oxides may be oxidised back to nitrite or nitrate,
faster reduction also means faster recycling in the presence of air, hence rapid depletion of
residual reductants.

3.2. Difference in specificity

Relative rates of reaction of the various nitrosating species will vary depending on the
compounds nitrosated. If nitrosyl chloride reacts with compound A twice as fast as does nitrogen
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trioxide, it does not follow that the former will react twice as fast with compound B as will the
latter. For example, while chloride accelerates nitrosyl hemochrome formation and the Griess
reaction used to determine nitrite,*! it appears to decrease the formation of nitrosopyrrolidine.*
Thiocyanate ion had no effect on the nitrosation of amides, but accelerated nitrosation of
amines; citrate and tartrate anions accelerated nitrosamide formation, but either decelerated or
had no effect on nitrosamine formation.*’ Compounds produced will vary with the form of the
nitrosating species. While N,O; forms the corresponding nitrosamines from dibenzylamine or
trimethylamine, the major products with NOCI are the corresponding chlorides.** In the Griess
reaction, chloride also causes different amounts of pigment to be produced, depending on the
reagent combination used.*!

3.3. pH effect

The dependence of nitrosation on acidity is different for NOCI compared with N,Os. The rate of
amine nitrosation by N,O; decreases rapidly with pH below the pK, of nitrous acid due to
protonation of the amine.* The nitrous acidium ion reaction and the halide catalysed reactions
do not show this decrease as greatly, probably because being more powerful nitrosating species
they are less sensitive to the protonation of the amine; that is, they react almost as well with the
acid form as with the free amine. The reactivity of nitrosyl chloride is high; gaseous NOCI may
be used for quantitative synthesis of nitroso compounds,*** and nitrosation of amines can occur
under milder conditions when NOCI is present than when the nitrosating species is N,O5. On the
other hand, NOCI is not as effective at higher pH values as some other nitrosating species.
Thiocyanate and iodide accelerate nitrosamine formation fairly uniformly over a wide range of
pH,*® but chloride inhibited both nitrosopyrrolidine formation in cured meat systems** and
nitrosoproline formation at the pH values of cured meats.*’” Other reports have indicated that salt
did not affect formation of nitrosodinethylamine in a model system.>! The effect of salt may be
difficult to predict because of the opposing effects of high ionic strength and catalysis by
chloride."” At the time of writing, it appears that sodium chloride does not increase nitrosamine
formation in cured meats and may provide some inhibition, but the mechanism is not known. In
this regard, it should be pointed out that at the pH of meat the rates of the nitrosation reactions
of all species are considerably reduced, so that product yields become very small, even with
catalysis. Reactant concentrations are usually molar or millimolar, but intermediate and product
concentrations are much lower, millimolar or nanomolar. Product concentrations thus range
from 1073 of the initial reactant concentrations at best to 10™° at worst. While we assume that the
laws of kinetics and mass action are not suspended under these conditions, definitive statements
concerning mechanisms at very low product formation levels are difficult to make with certainty.

3.4. Nitrite and salt concentration effect

The relative concentrations of N,O3; and NOCI are dependent on the nitrous acid and chloride
concentrations. The formation of N,Oj; is bimolecular in nitrous acid, whereas the formation of
NOCI is monomolecular. In a system where both species are formed, a doubling of the nitrous
acid concentration will result in a fourfold concentration increase in N,Os, but only twice as
much NOCI. Since N,O; and NOCI differ in their reactivity in meat systems, the relative
amounts of products will also be different at the two different concentrations. Salt also changes
the tertiary structure of the proteins, which would affect the reactivity of the reactive groups in
the protein.

3.5. Temperature

As noted earlier, the time at which the temperature is changed during meat processing is likely to
cause a difference between salt and no-salt products, since the concentrations of intermediates
and products of the nitrosation reactions will have a different time dependence.

In view of the foregoing observations, it is clear that the nitrosating ability or potential of a
given compound must be defined in terms of both the compounds being nitrosated and the
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environment in which the reactions take place. The ordering in Table 1 is generalised, therefore,
and does not hold for all reactions under all conditions.

4. Effects of chloride in model system
4.1. Nitrite determination

Changes in measurable (residual) nitrite or nitrosyl haem pigments may result from-changes in
chloride levels. These changes can be measured reasonably well, but the few studies performed
in this area have reported contradictory results. Early studies of nitrite in heated, buffered,
aqueous solutions reported that increasing sodium chloride levels resulted in greater residual
nitrite concentration,*® and other model system studies have found similar results.*’ Studies using
model meat systems have reported either no effect by chlori(‘ie,50 or decreased measurable nitrite
as sodium chloride increased.”! One of the problems with these studies is, as noted previously,
that chloride catalysis of diazo pigment formation during nitrite determination shows a reagent
specificity.'”? The amounts of Griess pigment formed at different salt levels depended on the
reagent combination used. Apparent nitrite values were increased by chloride levels when
sulphanilic acid was used as the nitrosatable species,'>>? but when sulphanilamide was used
chloride had no effect.'? Thus, some of the earlier attempts to measure residual nitrite may have
included some error due to chloride affecting the analytical method. Unfortunately, in many
studies reported it is not always readily apparent which reagents were used. Chloride addition
sometimes causes a pH shift in meat systems and at least part of the change in residual nitrite
that is attributed to chloride should more properly be credited to changes in acidity.>!

While results from the Griess reagent studies indicate formation of NOCI at a somewhat higher
pH than previously reported, the system is still considerably more acidic than most foods, and
the question of NOCI formation at pH5.5 or higher still remains. Comparisons of the effect of
chloride and reductants on measurable nitrite in a pH5.6 meat slurry have recently been
made,'>!® using several nitrite determination methods. Table 2 shows results from the Griess
method, chemiluminescent detection and differential pulse polarography used for cooked meat
slurries. Although there is some difference as a result of analytical methodology, a relative
reduction of measurable nitrite with increasing sodium chloride is almost universally demons-

Table 2. Effect of NaCl and reductant on measurable nitrite in a cooked
meat slurry (initial nitrite=138-145 ppm)

Nitrite
(as % of initial)

NaCl

(mm) Reductant Gr* GR® CLD® DPP®
0 0 91 81 76 82
0.5 0 91 — — —
1.0 0 84 72 80 75
0 3 mm ascorbate -84 56 78 50
0.5 3 mM ascorbate 68 — — —
1.0 3 mm ascorbate 65 38 47 8
0 6 mM ascorbate 73 — — —
0.5 6 mM ascorbate 59 — — —
1.0 6 mMm asccorbate 49 — — —
0 12 mm ascorbate 55 24 52 20
0.5 12 mm ascorbate 44 — — —
1.0 12 mm ascorbate 35 17 33 3
0 20 mM cysteine — 57 58 56
1.0 20 mM cysteine — 45 50 44

“From Fox et al.'! 1981; Gr=Griess reagent.
®From Fox et al.'> 1982; GR=Griess reagent, CLD=chemiluminescent
detection, DPP=differential pulse polarography.

73
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trated. An analysis of variance showed a significant three-way interaction between salt,
reductant, and heating; the authors attributed the differences in loss of nitrite to formation of
NOCI with increased activity. An accompanying model system which contained only buffer,
nitrite, ascorbate, and salt did not show the chloride effect observed in the meat slurry. The
chloride/ascorbate interaction in the meat systems therefore must have involved tissue compo-
nents. Since, as we have noted, the major (fastest) nitrosation reaction is with ascorbate, the
tissue component reactions must involve secondary reactions with nitrosoascorbate intermediates
or reaction products thereof.

4.2. Cured meat pigment

In addition to measurable nitrite, another test of formation of NOCI with increased nitrosating
ability would be enhanced production of nitrosyl haem pigments due to increased production of
the nitroso-reductant intermediate. In this case, the haem pigment is the ‘acceptor’ molecule for
nitric oxide from the nitroso-reductant. If significant NOCI is formed, increased nitrosating
activity should result in increased nitric oxide and subsequent nitrosyl haem formation. Studies at
relatively high salt concentrations have reported that final colour intensity of the nitrosyl haem
was decreased by increasing salt.>* At high salt levels, however, salt concentrations may result in
partial denaturation of the globin and other proteins which will increase the opacity of the cell
tissue, thereby reducing the molar absorbance of the pigment in situ. A model system study
showed that added sodium chloride resulted in increased nitrosyl haem pigment formation,*’ and
a fivefold increase in the reaction rate constant has been noted for the formation of nitric oxide
in 3M (~24%) NaCl as compared to no addition of NaCl.>® The latter study also reported a gross
morphological change in the interfibrillar spaces of cured beef muscle that was not caused by
either sodium chloride or nitrite alone. The authors attributed this difference to formation of
NOCI. Reaction rate constants for formation of nitric oxide from nitrite-reductant mixtures have
been found to increase linearly with increasing NaCl from 0-4% (J. G. Sebranek, unpublished
data). Other chloride salts gave similar results.

This same study also showed the effect of multiple reactants on the final equilibrium. The
catalytic effect of chloride on nitrosyl haem pigment formation was evident under nitrogen, but
mixtures with all levels of chloride reached the same final pigment concentration. When the
system was studied in air, oxygen diffusion into the system created competition for the generated
nitric oxide and those samples that generated nitric oxide more rapidly (higher chloride) resulted
in greater total nitrosyl pigment. Thus, as noted earlier, the overall effect of chloride levels on
nitrite reactions depends not only on the catalytic effect, but also on competing reactions and
infusion of reactants (O,) in the system.

5. Chloride catalysis in cured meats

The potential influence of chloride on nitrite related reactions has many implications for cured
meat. For example, assume NOCI reacts faster with reductants than does N,O;. The
concentration of NOCI will be reduced proportionally more than will be the concentration of
N,O3, with more nitrite in the relatively unreactive forms of nitric oxide, nitrosoreductants and
nitrosyl haem pigments. Since chemical potential is the product of activity times concentration,
the total nitrosating potential of the lower NOCI concentration could well be less than that of the
higher N,O3 concentration, even though the former is a more powerful nitrosating species than
the latter. A lower nitrosating potential for N-nitrosation coupled with a reservoir of nitric oxide,
equivalent to nitrite, is, @ priori, a desirable state for cured meats. Of course, since nitrosating
species are reactant-specific, the real situation might be the reverse, with N,O; the more
powerful nitrosating species for reductants.

5.1. Colour

Nitrite research has established that colour development in cured meat can be adequately
accomplished with 25-50mgkg™" nitrite.”* > This may vary with different products and storage

"
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conditions, but generally, nitrite added to meat for curing (100-150mgkg™") is in excess of that
needed for colour development alone. In a study of pigment formation in frankfurters, the
pigment concentration was a function of a number of variables, including amount of oxygen
present, temperature of processing and added reductant.®’ Since the per cent conversion was an
equilibrium process with less than 100% conversion of the amount of pigment available, the
amount of pigment was a function of the amount of residual nitrite and reductants available for
reaction. These amounts are determined by the amount of oxygen present and the rate of the
nitrite reduction—oxidation cycle. Faster turnover would mean lower reactant concentration, and
lower pigment concentrations of lesser stability as noted earlier. Ascorbate and cysteine reduce
nitrite at different rates, but no significant difference was observed in the quantity or stability of
the pigments of frankfurters produced with the two reductants.®’ No study has been made of the
effect of reduced chloride concentrations on the nitrite cycling rate and/or colour formation and
stability.

5.2. Flavour

The nitrite normally used for curing may be more than that needed for cured flavour
development,®~%° but this function of nitrite in cured meat has not been associated with any
specific flavour components. Sodium chloride alone is a very strong flavour component in cured
meat®® and affects flavour both in production of other flavour components and enhancement of
the taste, although the two effects would be difficult to separate. Furthermore, salt alone is a
pro-oxidant, leading to increased fat oxidation and rancidity.’~"° It has been claimed that salt is
the major factor responsible for cured meat flavour, rather than nitrite or the absence of lipid
oxidation.”* Nevertheless, salt pork and bacon have quite different flavours, clearly indicating
nitrosation reactions in the latter. Long-term flavour retention of cured meat is also dependent
upon nitrite for suppression of rancid flavours,”>”* an effect which can be observed at nitrite
levels as low as 50mgkg™!.7> This function of nitrite is accomplished in part by interaction of
nitric oxide with iron compounds,’® by reaction of oxygen with nitrogen oxide, by formation of a
specific anti-oxidant from polar lipids,”” and by radical chain termination. Chloride catalysis of
nitric oxide formation would initiate inhibitory processes at an earlier phase of the processing
procedure, and counteract the pro-oxidant effect of chloride alone.

5.3. Transnitrosation: sulphhydryl compounds

Nitrosothiols such as S-nitrosocysteine have also been reported to contribute antioxidant activity
when synthesised and added to food systems.”®” Because they are inherently unstable,
nitrosothiols have also been considered from the standpoint of transnitrosation or transfer of the
nitroso group to another compound such as a secondary amine.3"8! Catalysis of transnitrosation
reactions by chloride in organic solvents can occur but it depends upon the nucleophilic
compound involved.®? There is little information concerning potential chloride catalysis of
transnitrosation in food systems. In a system with both cysteine and ascorbate the latter is more
electrophilic and would be nitrosated more readily, making nitrosothiol formation less likely. As
a result, the role of nitrosothiols in nitrosation reactions becomes difficult to assess and whether
they help suppress rancidity is not entirely clear. )

5.4. Botulinum growth inhibition

Current research includes efforts to clarify the inhibitory mechanism(s) by which nitrite inhibits
C. botulinum. The possible mechanisms include:*# (1) formation of an inhibitory substance
from nitrite and other meat components, (2) nitrite (or intermediates) acting as an oxidant or
reductant on intracellular enzymes or nucleic acids, (3) restriction of iron (or other metals
essential to C. botulinum) by nitrite thereby interfering with the organism’s metabolism and/or
biological repair mechanisms, and (4) reaction of nitrite with cell membranes to limit metabolic
exchanges or substrate transport. More than one mechanism is likely in a complex system like
meat.®* For example, metal.sequestering agents such as EDTA enhanced the inhibitory activity
of nitrite while excess iron caused a decreased inhibition.®88 The suggestion has been offered
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that nitrite, probably via nitric oxide, reacts with iron of ferredoxin in germinated cells.®
Inhibition of Clostridium sporogenes by reaction of nitric oxide with the nonhaem iron of
pyruvate:ferredoxin oxidoreductase has been reported.’® Destruction of the iron—sulphur ‘cluster’
on proteins of vegetative cells of C. botulinum by formation of iron-nitric oxide complexes from
added nitrite has recently been reported.”® Another suggestion is the conversion of extracellular
iron, essential to C. botulinum, to an unavailable form after reaction with nitric oxide.%¢
Ascorbate also plays a role either as a metal chelator,>%? or as a means of generating more nitric
oxide in the system. These mechanisms appear to be dependent upon nitric oxide and would be
influenced by factors (such as chloride or acid catalysis) that control the rate or extent of nitric
oxide formation. :

In contrast to reactions involving nitric oxide, other researchers have suggested that microbial
inhibition may derive from nitrosation reactions which produce a specific extracellular
inhibitor,”> or disrupt critical cysteine-containing enzymes.*>* However, other investigators
have reported that bacterial inhibition is accomplished in meat without participation of the
sulphydryl groups.®® Nitrosation reactions could result in a number of different compounds with
inhibitory properties. Most likely among these are reaction products from amines. haem iron,
unsaturated lipids, and thiols.®® Interestingly enough, N-nitrosamines have been found to be
non-inhibitory.*’

Bacterial cell wall constituents may also react with nitrite and result in alteration of substrate
uptake.” This potential reaction has not been studied in depth and there is, therefore, little
indication of how significant it may be, though other known inhibitors such as the parabens and
sorbate effectively inhibit substrate transport into cells.”®

While the proposed nitrite inhibitory mechanisms are many and complex, that of sodium
chloride alone is simple; namely it lowers the water activity. The concentration of added nitrite is
of course much too low to have any effect on the water activity. When chloride and nitrite were
used together however, there was a very pronounced interaction in their effect on botulinal spore
outgrowth and toxin production. Roberts and Ingram® found that with the least sensitive strain
of C. botulinum (type B), neither 6% NaCl nor 300 mg kg NaNO, alone inhibited spore growth at
pH 5.8 and 35°C. Yet combinations of the two reagents below these concentrations were effective
in inhibiting outgrowth, for example, 3% NaCl and 200 mgkg ™! NaNO,, clearly indicating an
interaction of the two reagents. Their results are perplexing. At the salt and nitrite levels usually
employed in commercial practice, ca 2-3% NaCl and 100-200 mgkg ™' NaNO,, they found little
or no inhibition of either outgrowth or toxin formation from types A and B C. botulinum.5 100101

Furthermore, none of the salt or nitrite levels tested inhibited toxin formation at 25°C. It is not
immediately clear why commercial practice is successful in preventing botulinal posoning, but in
view of what appears to be a rather tenuous situation, and the fact that salt and nitrite interact to
prevent outgrowth and toxin formation, the reduction of either or both salts in cured meats must
not be undertaken without careful study of the consequences. The consequences may be
considerable in view of the fact that the formation of nitrosyl chloride falls off faster as the
chloride concentration decreases; that is, the amount of NOCI formed at 1% NaCl is much less
than half that formed at 2% NaCl. The amount of the nitrosating species.becomes proportionally
much less as the concentrations of either salt or nitrite is lowered.

6. Conclusions

In the final analysis, chloride can significantly catalyse nitrite reactions under conditions
occurring in meat. Reduced sodium chloride levels may result in decreased nitrosation of various
substrates or may result in a decreased rate of nitric oxide production from nitrosation of
reductants. The chemistry of nitrite is complex and becomes even more so in a meat system; the
tull extent of the significance of chloride reduction for nitrite reactions remains to be determined.
It seems that cured flavour or pigment formation would be minimally affected since the nitrite
level currently used is somewhat in excess of the minimum needed for these characteristics. The
antioxidant function of nitrite might be adversely affected by changes in chloride level but the
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antioxidant behaviour of nitrite has not been sufficiently quantitated to allow a good assessment.
Control of C. botulinum by nitrite may be the area most sensitive to changes in the system since
the minimum nitrite needed is likely more than that being placed onthe system if sodium
chloride, with its dual inhibitory contribution, is reduced. Considering that botulinum contamina-
tion in the world at large is sporadic and the inhibitory mechanism of nitrite is, at best, poorly
understood, it becomes extremely difficult to estimate any ‘critical’ combination of salt and
nitrite for assured safety. Certainly, the case against nitrite and salt in cured meats becomes moot
with the first incidence of botulism from a low salt/nitrite product. A critical need at. the present
time is a better understanding of the nitrite reactions which inhibit C. botulinum ‘growth and
toxin formation. Until that information is provided, a reduction of sodium chloride in cured meat
may have consequences that are not yet apparent and should be both carefully and thoughtfully
evaluated.
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